Many cases of early-onset inherited Alzheimer's disease (AD) are caused by mutations in the presenilin-1 (PS1) gene. Studies of cultured neural cells suggest that PS1 mutations result in perturbed cellular calcium homeostasis and may thereby render neurons vulnerable to apoptosis. In light of evidence that metabolic impairment plays a role in AD, that cerebral ischemia may be a risk factor for AD, and that individuals with AD have increased morbidity and mortality after stroke, we examined the impact of a PS1 mutation on neuronal vulnerability to ischemic injury. We report that the extent of brain injury after focal cerebral ischemia reperfusion is increased, and behavioral outcome is worsened, in PS1 mutant knock-in mice compared to wild-type mice. Cultured cortical neurons from PS1 mutant mice exhibit increased vulnerability to glucose deprivation and chemical hypoxia compared to their wild-type counterparts.
Stroke and Alzheimer's disease (AD) are two age-related neurological disorders that are leading causes of death and disability worldwide (Small et al., 1997; Elkind and Sacco, 1998) . Mechanisms of neuronal injury and death after stroke have been well characterized and involve energy depletion, overactivation of glutamate receptors, excessive calcium influx, and oxidative stress (for review, see Choi, 1996; Mattson and Mark, 1996) . In the case of AD, the mechanisms of neuronal degeneration are less well understood but appear to include metabolic compromise, oxidative stress, and disruption of cellular calcium homeostasis (for review, see Mattson, 1997) . Therefore, although the time course of the disease process may differ in stroke and AD, the neuronal cell death mechanism in each disorder appears to involve energy deficit, oxidative stress, and perturbed calcium homeostasis. In support of the latter statement, an overlapping set of neurons (e.g., hippocampal CA1 neurons and cortical pyramidal neurons) are vulnerable in both stroke and AD (Katzman, 1986; Ginsberg and Butso, 1989) . In addition, history of ischemic stroke increases risk for AD (Kokmen et al., 1996) , and recent studies have shown that the extent of AD pathology (plaques and tangles) is increased in AD patients with coexisting evidence of cerebral ischemia (Nagy et al., 1997; Snowdon et al., 1997) .
Whereas most cases of AD are not caused by a specific genetic defect and have a late age of onset, some cases are characterized by an early age of onset and a dominant inheritance pattern. Mutations in the gene encoding presenilin-1 (PS1) on chromosome 14 are responsible for many such cases of inherited AD (for review, see Hardy, 1997; Mattson et al., 1998) . PS1 is an integral membrane protein that is expressed in neurons throughout the brain wherein it is localized primarily in the endoplasmic reticulum (ER). T wo pathogenic mechanisms for PS1 mutations have been proposed. One mechanism involves altered proteolytic processing of the amyloid precursor protein (APP), resulting in increased production of neurotoxic forms of amyloid ␤-peptide and decreased levels of the neuroprotective secreted form of amyloid precursor protein (Mattson et al., 1993a; Borchelt et al., 1996; Duff et al., 1996; Scheuner et al., 1996; Ancolio et al., 1997; Guo et al., 1998) . Altered APP processing may result in increased oxidative stress and neuronal apoptosis (Mattson, 1997) . A second mechanism involves perturbed calcium regulation, which results in enhanced elevations of intracellular calcium levels under conditions of oxidative and excitotoxic stress (Guo et al., 1996 (Guo et al., , 1997 (Guo et al., , 1999b . We recently produced and characterized knock-in mice expressing the M146V PS1 mutation (Guo et al., 1999a) . We now report data from studies of these mice showing that PS1 mutations render neurons vulnerable to ischemic injury, by a mechanism linked to calcium release from ER.
MATERIALS AND METHODS
PS1 mutant k nock-in mice and protocol for focal cerebral ischemia. The targeting strategy used to generate PS1 mutant knock-in mice is detailed elsewhere (Guo et al., 1999a (Guo et al., , 1999b . PS1 mutant knock-in mice and wild-type mice were bred in house and were maintained on the same genetic background (BL6/129Sv). Previous studies have characterized these mice, showing that the knock-in mice express mutant PS1 at normal levels, that they exhibit no overt developmental abnormalities, and that they do exhibit increased levels of A␤1-42 in brain tissue and increased vulnerability of hippocampal neurons to apoptosis and excitotoxicity (Guo et al., 1999a (Guo et al., , 1999b . The protocol for performing focal cerebral ischemia using a middle cerebral artery occlusion (MCAO) reperf usion method was similar to that used in our previous studies (Bruce et al., 1996; Keller et al., 1998) , which were adapted from Huang et al. (1994) Briefly, mice were anesthetized with 350 mg / kg chloral hydrate. In all mice, the left femoral artery was cannulated for arterial blood pressure and blood gas determination. Arterial blood samples (50 l) were analyzed for pH, arterial oxygen pressure, and partial pressure of carbon dioxide using a blood gas/pH analyzer (Corning 178; CI BA-Corning Diagnostics, Medford, M A). Samples were taken immediately before, 10 min after MCA occlusion, and 10 min after the start of reperf usion. Rectal and temporalis muscle temperature was maintained at 37.0 ϩ 0.5°C with a temperature control unit (F HC, Brunswick, M E). The left common carotid artery was exposed, and the occipital, superior thyroidal, maxillary, and lingual branches of the external carotid artery were coagulated; the pterygopalatine artery was ligated. An incision was made in the external carotid artery, and a polylysine-coated suture was advanced into the middle cerebral artery. The thread was left in place for 60 min and then removed to allow reperf usion. C erebral blood flow was determined in anesthetized animals under resting conditions, 30 min into the ischemia, and 10 min after reperf usion. Measurements were made using a laser Doppler flowmeter (Laserflo BPM; Vasomedic). T wo flexible probe tips were secured 2 mm posterior and 3 mm lateral to bregma and 2 mm posterior (peri-infarct region) and 6 mm lateral to bregma on the ischemic hemisphere. After surgery, mice were returned to their cages and given ad libitum access to food and water. T wenty four hours after MCAO, the mice were euthanized by anesthesia overdose, and coronal brain sections (1-mm-thick) were stained with 1% triphenyltetrazolium chloride (TTC). After killing, cerebral infarct sizes were determined by staining 2 mm brain sections with 2,3,5-triphenyltetrazolium chloride (TTC), capturing images of stained sections using a Hitachi K PD50 color digital camera (Medical Video System, Winston-Salem, NC), and quantif ying infarct size/section and calculating volume using a Macintosh G3 computer and image analysis software (Scion Image N IH version 1.59, Frederick, MD) as described (Keller et al., 1998) . Neurological deficits were assessed 22 hr after ischemia based on a scale from 0 (no deficits) to 3 (severe deficits) as described previously (Huang et al., 1994; Endres et al., 1999) .
Data anal ysis. Differences between the wild-type and PS-1 mutant mice were compared by paired and unpaired two-tailed Student's t test or by ANOVA followed by Scheffe's test (physiological measurements) or Bonferroni test (cerebral blood flow). For neurological assessment, the Mann -Whitney rank sum U test was used. p values of Ͻ0.05 were considered significant.
Neocortical cell culture methods and quantification of neuron survival. Cultures of dissociated neocortical cells were prepared from embryonic day 18 wild-type and homozygous PS-1 M146V K I mouse pups using methods similar to those described previously (Guo et al., 1999a) . Briefly, cerebral hemispheres were removed and incubated for 15 min in C a 2ϩ -and Mg 2ϩ -free HBSS (Life Technologies, Gaithersburg, MD) containing 0.2% trypsin. C ells were dissociated by trituration and plated into polyethyleneimine-coated plastic or glass-bottomed culture dishes containing Minimum Essential Medium with Earle's salts supplemented with 10% heat-inactivated fetal bovine serum and (in mM): 2 L-glutamine, 1 pyruvate, 20 KC l, 10 sodium bicarbonate, and 1 H EPES, pH 7.2. After cell attachment (3-6 hr after plating), the culture medium was replaced with Neurobasal Medium with B27 supplements (Life Technologies). E xperiments were performed in 7-to 9-d-old cultures; Ͼ90% of the cells in the cultures were neurons, and the remaining cells were astrocytes, as judged by cell morphology and immunostaining with antibodies against neurofilaments, and glial fibrillary acidic protein. Glucose deprivation was performed as described previously (Cheng and Mattson, 1991) , and involved replacing the culture maintenance medium with glucose-free L ocke's buffer (in mM: NaC l, 154; KC l, 5.6; C aC l 2 , 2.3; MgC l 2 , 1.0; NaHC O 3 , 5; and H EPES, 5 mM; pH 7.2); control cultures were incubated in L ocke's buffer containing 3.6 mM glucose. Concentrated stocks of NaC N (Sigma, St. L ouis, MO) were prepared in L ocke's buffer and were added directly to the culture medium to achieve the final concentration. The method for quantification of neuron survival in cortical cell cultures was described previously (Cheng and Mattson, 1991) . Briefly, undamaged neurons in premarked microscope fields were counted before and at indicated time points after exposure to experimental treatments. Neurons with intact neurites and a cell body that was smooth and round or oval in shape were considered viable. Neurons with beaded or fragmented neurites and a cell body that was shrunken and rough in appearance were considered nonviable. Assessments of neuronal survival were performed in a blind manner without knowledge of the source of the cells or their treatment history.
Measurement of intracellular f ree calcium levels. Intracellular free calcium levels ([C a 2ϩ ] i ) were quantified by fluorescence ratio imaging of the calcium indicator dye f ura-2 using methods described previously (Mattson et al., 1995; Guo et al., 1999a) . Briefly, cells were loaded with f ura-2 AM (30 min incubation in the presence of 10 M f ura-2) and imaged using a Z eiss AttoFluor system with a 40ϫ oil objective. The average [C a 2ϩ ] i in individual neuronal cell bodies was determined from the ratio of the fluorescence emissions obtained using two different excitation wavelengths (334 and 380 nm). The system was calibrated with solutions containing either no C a 2ϩ or a saturating level of C a 2ϩ (1 mM) using the formula:
RESULTS

Infarct size is increased after focal cerebral ischemia in PS1 mutant mice
Wild-type (n ϭ 12) and PS1 mutant knock-in mice (n ϭ 12) were subjected to middle cerebral artery occlusion and reperfusion. There were no significant differences in physiological parameters (cerebral blood flow, mean arterial pressure, blood pO 2 , pCO 2 , pH, and glucose concentration) between wild-type and PS1 mutant mice at baseline, during ischemia, or after reperfusion (Table 1). Mice were killed 24 hr after the onset of reperfusion, and Values are the mean and SD of measurements made in 12 wild-type and 12 PS1 mutant knock-in mice. Measurements were made 10 min before occlusion, during ischemia (10 min after occlusion), and 10 min after reperfusion (except for cerebral blood flow, which was measured 30 min after reperfusion).
infarct sizes were quantified (see Materials and Methods). Infarct size was significantly increased, by an average of 32%, in PS1 mutant mice compared to wild-type mice (Fig. 1 A) . Behavioral deficits were also significantly enhanced in PS1 mutant mice compared to wild-type mice (Fig. 1 B) .
Cortical neurons from PS1 mutant mice exhibit increased vulnerability to glucose deprivation and chemical hypoxia
To more directly examine the vulnerability of neurons from PS1 mutant mice to ischemia-related insults and to ascertain the underlying mechanisms, we established cortical cell cultures from wild-type and PS1 mutant mice. Cultures were exposed to glucose deprivation and NaCN (chemical hypoxia), two insults relevant to focal ischemic brain injury that have previously been shown to damage and kill cultured cortical and hippocampal neurons by a mechanism involving energy depletion, overactivation of glutamate receptors, and disruption of cellular calcium homeostasis (Rothman, 1984; Cheng and Mattson, 1991; Goldberg and Choi, 1993; Mattson et al., 1993b) . Glucose deprivation resulted in a progressive decrease in neuronal survival in cultures from wildtype mice during a 48 hr exposure period (Fig. 2 A) . The extent of Figure 1 . PS1 mutant knock-in mice exhibit increased brain damage and behavioral deficits after focal ischemia-reperfusion. Wild-type and PS1 mutant mice were subjected to middle cerebral artery occlusion for 1 hr. Twenty two hours later neurological deficits were assessed ( A), and at the 24 hr time point, the mice were killed, brain sections were stained with TTC, and infarct volume was quantified ( B) . Values are the mean and SE of analyses performed in 12 wild-type and 12 PS1 mutant mice. *p Ͻ 0.001 (infarct volume) and p Ͻ 0.01 (neurological deficit) compared to value for wild-type mice (paired t tests). neuronal loss was significantly greater in cultures from PS1 mutant mice at each time point, with the rate of neuronal death during the first 24 hr of glucose deprivation being markedly accelerated. Neuronal death induced by NaCN was also significantly enhanced at each post-insult time point in cultures from PS1 mutant mice compared to cultures from wild-type mice (Fig.  2 A) . The concentration-effect curve for NaCN-induced neuronal death was shifted to the left such that more neurons from PS1 mutant mice were killed at each NaCN concentration (0.5, 1, and 2 mM) examined (Fig. 2 B) . In an additional experiment, we quantified Trypan blue-negative neurons in cultures of wild-type and PS1 mutant cells 24 hr after glucose deprivation or exposure to 5 mM NaCN (Fig. 2C) . The latter results confirm that neurons expressing mutant PS1 exhibit increased vulnerability to cell death induced by glucose deprivation and chemical hypoxia.
Perturbed calcium homeostasis contributes to increased vulnerability of neurons expressing mutant PS1 to ischemic injury
Previous studies of cultured PC12 cells overexpressing mutant PS1 suggested that PS1 mutations perturb endoplasmic reticulum calcium homeostasis such that calcium release is enhanced after stimulation of IP 3 receptors and ryanodine receptors (Guo et al., 1996 (Guo et al., , 1997 . Because loss of cellular calcium homeostasis is believed to contribute to ischemic neuronal injury (Choi, 1996; Mattson and Mark, 1996) , we measured intracellular free calcium levels ([Ca 2ϩ ] i ) after exposure of cortical neurons to glucose deprivation and chemical hypoxia in cultures from wild-type and PS1 mutant knock-in mice. Basal levels of [Ca 2ϩ ] i were similar in cortical neurons from wild-type mice (79 Ϯ 4 nM) and PS1 mutant mice (89 Ϯ 5 nM). After glucose deprivation there was a progressive increase in the average [Ca 2ϩ ] i in neurons from both wildtype and PS1 mutant mice, but the magnitude of the increase was significantly greater in neurons from PS1 mutant mice at each time point (6, 12, and 24 hr) examined (Fig. 3A) . The [Ca 2ϩ ] i increase after exposure of neurons to NaCN was also significantly greater in neurons from PS1 mutant mice compared to neurons from wild-type mice (Fig. 3B) . Pretreatment of cultures with xestospongin, a specific inhibitor of calcium release from IP 3 -sensitive ER stores (Gafni et al., 1997) , significantly attenuated cell death induced by glucose deprivation (GD) and chemical hypoxia in both wild-type and PS1 mutant neurons (Fig. 4) . Pretreatment of cultures with dantrolene, an inhibitor of calcium release from ryanodine-sensitive ER stores (Usachev et al., 1993; Tasker et al., 1998) , also markedly attenuated cell death induced by GD and chemical hypoxia in both wild-type and PS1 mutant neurons (Figs. 4, 5 ). Xestospongin and dantrolene rescued up to 80% of neurons in cultures from PS1 mutant mice, indicating that calcium release from ER stores plays a critical role in the neuronal death that occurs after exposure to these ischemia-related insults.
DISCUSSION
The present findings suggest that PS1 mutations render neurons vulnerable to ischemic injury by a mechanism involving enhanced calcium release from ER. The increase in infarct size after focal ischemia-reperfusion in PS1 mutant knock-in mice was apparently not the result of systemic alterations in these mice because physiological parameters were essentially identical in both wildtype and mutant mice. A direct adverse effect of the PS1 mutation in neurons is suggested by several observations. Neurons in cortical cell cultures, a preparation highly enriched in neurons, exhibited increased vulnerability to glucose deprivation and chemical hypoxia, two insults relevant to ischemic neuronal injury. In addition, immunohistochemical analyses of rodent brain tissue have shown levels of expression of PS1 are considerably greater in neurons than in non-neuronal cells (Cribbs et al., 1996; Elder et al., 1996; Lah et al., 1997) . Moreover, the magnitude of elevation of [Ca 2ϩ ] i after glucose deprivation and exposure to NaCN was increased in neurons from PS1 mutant mice.
Previous studies of cultured PC12 cells (Guo et al., 1996 (Guo et al., , 1997 ) and synaptosomes from transgenic mice (Begley et al., 1999) overexpressing PS1 mutations suggested that altered PS1 function disrupts cellular calcium homeostasis. However, interpretation of the latter findings was tempered by several potential caveats of the systems used. Although PC12 cells have some properties of neurons, they do not exhibit several important Figure 3 . PS1 mutation exacerbates disruption of calcium homeostasis after glucose deprivation and chemical hypoxia in cultured cortical neurons. A, Cultures from wild-type (WT ) and PS1 mutant mice were left untreated (basal) or were subjected to glucose deprivation (GD) for the indicated time points. The [Ca 2ϩ ] i was then measured in neurons by imaging of the calcium indicator dye fura-2. Measurements were made in 15-22 neurons per culture, and values are the mean and SD of data obtained from four separate cultures per condition. **p Ͻ 0.01 compared to corresponding value for neurons from WT mice. B, Cultures from wild-type (WT) and PS1 mutant mice were left untreated (basal) or were exposed to 1 mM NaCN for the indicated time points. The [Ca 2ϩ ] i was then measured in neurons by imaging of the calcium indicator dye fura-2. Measurements were made in 12-20 neurons per culture, and values are the mean and SD of data obtained from four separate cultures per condition. *p Ͻ 0.05; **p Ͻ 0.01 compared to corresponding value for neurons from wild-type mice.
characteristics (e.g., expression of ionotropic glutamate receptors and synaptic connections) of neurons vulnerable in AD. Moreover, the PC12 cell lines used overexpressed mutant PS1 at high levels, making it uncertain whether the altered ER calcium homeostasis was the specific result of the PS1 mutations. Caveats with PS1 mutant transgenic mice (Duff et al., 1996; Begley et al., 1999) include overexpression of the transgene and expression of endogenous wild-type PS1, and (because the transgene is randomly integrated into the genome) the possibility that the phenotype results from disruption of an endogenous gene cannot be ruled out. PS1 mutant knock-in mice overcome many of these pitfalls such that mutant PS1 is expressed at physiological levels, endogenous mouse PS1 is not expressed, and the mutant PS1 is targeted to the endogenous mouse PS1 locus (Guo et al., 1999a (Guo et al., , 1999b The cell survival and calcium imaging data obtained in the present study of PS1 mutant knock-in mice therefore strongly suggest that PS1 mutations disrupt neuronal calcium homeostasis and render neurons vulnerable to metabolic insults.
Because PS1 is localized to ER (Guo et al., 1996; Kovacs et al., 1996; Walter et al., 1996) and disrupts ER calcium regulation (Guo et al., 1996 (Guo et al., , 1997 present study) , it is likely that this effect of PS1 is responsible for the increased neuronal vulnerability to ischemic injury documented in the present study. Consistent with the latter interpretation, previous studies have shown that drugs that block calcium release from ER, including dantrolene, can protect cultured neurons against metabolic and excitotoxic insults (Frandsen and Schousboe, 1991) . Administration of dantrolene to neonatal brain slice immediately after an ischemia-like insult significantly enhanced cellular recovery, as indicated by reduced energy depletion and suppression of poly-ADP-ribose polymerase activation (Tasker et al., 1998) . Wei and Perry (1996) showed that intravenous administration of dantrolene to gerbils immediately after transient global forebrain ischemia resulted in a significant decrease in loss of CA1 hippocampal neurons. In the same model, Zhang et al. (1993) reported a significant decrease in damage to CA1 neurons in gerbils receiving an intraventricular bolus of dantrolene 30 min after reperfusion. Calcium release from IP 3 -sensitive stores may also play a role in ischemic neuronal death in vivo, as suggested by studies showing correlations between IP 3 receptor levels and selective neuronal vulnerability in hippocampus (Araki et al., 1991; Sharp et al., 1993) .
Both ryanodine receptors and IP 3 receptors are expressed at high levels in cortical pyramidal neurons, but their subcellular distributions appear to differ, with ryanodine receptors being present mainly in apical dendrites and IP 3 receptors being concentrated in proximal dendrites and cell bodies (Sharp et al., 1993 ). PS1 appears to be present in ER throughout neurons (cell body, axons, and dendrites) (Cook et al., 1996; Cribbs et al., 1996; Elder et al., 1996) . It is therefore likely that PS1 is present in both ryanodine-and IP 3 -sensitive stores. Although the mechanism whereby PS1 mutations perturb ER calcium signaling is not known, recent findings suggest that PS1 interacts with ryanodine receptors and/or associated proteins (Kim et al., 1998; . Another potential mechanism whereby PS1 mutations might increase the amount of calcium released from ER stores is by increasing the total pool of calcium. Support for the latter possibility comes from studies showing that PC12 cells overexpressing mutant PS1 exhibit enhanced calcium release after exposure to thapsigargin, a selective inhibitor of the ER calcium ATPase (Guo et al., 1996) .
Although our data strongly suggest a primary role for altered ER calcium regulation in the endangering action of PS1 mutations, additional mechanisms might play a role. One welldocumented effect of PS1 mutations is that they result in altered proteolytic processing of APP in a manner that increases production of A␤ (Borchelt et al., 1996; Duff et al., 1996; Scheuner et al., 1996; Guo et al., 1999b) and decreases production of the secreted form of APP (sAPP␣; Ancolio et al., 1997) . A␤ has been shown to increase neuronal vulnerability to excitotoxic and metabolic insults by a mechanism that involves, in part, disruption of calcium homeostasis (Mattson et al., 1992; Keller et al., 1998) . However, the amino acid sequence of rodent A␤ is different from that of human A␤, and this difference appears to greatly decrease the neurotoxicity of rodent A␤ (Otvos et al., 1993) , making it unlikely that increased production of A␤ accounts for the present findings. On the other hand, sAPP␣ stabilizes cellular calcium homeostasis and protects neurons against metabolic, excitotoxic, and oxidative insults (Mattson et al., 1993a; Goodman and Mattson, 1994; Furukawa et al., 1996) . We previously reported that intraventricular administration of sAPP␣ reduces damage to hippocampal neurons after transient global forebrain ischemia in rats (Smith-Swintosky et al., 1994) . Thus, a decrease in levels of sAPP␣ (Ancolio et al., 1997) could contribute to increased vulnerability of PS1 mutant knock-in mice to focal ischemic injury. Finally, our data have implications for interventions that may prevent or attenuate the neurodegenerative process in AD patients. We have shown that drugs that block calcium release from ER can protect neurons expressing mutant PS1 against metabolic insults. Because reduced energy availability to neurons is believed to play a role in the neurodegenerative process in AD (for review, see Mattson et al., 1999) , such drugs may prove useful in inhibiting the neurodegenerative cascade.
